Arginine decarboxylase (ADC) is an important enzyme in the production of putrescine and polyamines in plants. It is encoded by a single or low-copy nuclear gene that lacks introns in sequences studied to date. The rate of Adc amino acid sequence evolution is similar to that of ndhF for the angiosperm family studied. Highly conserved regions provide several target sites for PCR priming and sequencing and aid in nucleotide and amino acid sequence alignment across a range of taxonomic levels, while a variable region provides an increased number of potentially informative characters relative to ndhF for the taxa surveyed. The utility of the Adc gene in plant molecular systematic studies is demonstrated by analysis of its partial nucleotide sequences obtained from 13 representatives of Brassicaceae and 3 outgroup taxa, 2 from the mustard oil clade (order Capparales) and 1 from the related order Malvales. Two copies of the Adc gene, Adc1 and Adc2, are found in all members of the Brassicaceae studied to date except the basal genus Aethionema. The resulting Adc gene tree provides robust phylogenetic data regarding relationships within the complex mustard family, as well as independent support for proposed tribal realignments based on other molecular data sets such as those from chloroplast DNA.
Introduction
Arginine decarboxylase (ADC; E.C. 4.1.1.19) is the key enzyme in one of two pathways in the production of putrescine and polyamines in plants. The alternative pathway to putrescine production is via ornithine decarboxylase, an evolutionarily related 5Ј-pyridoxal-phosphate-dependent enzyme. ADC's activity and the levels of its polyamine products, including putrescine, spermidine, and spermine, have been correlated with a number of developmental and physiological effects, including environmental stress (Watson and Malmberg 1996) , flowering (Torrigiani et al. 1987) , and fruit development (Perez-Amador, Carbonell, and Granell 1995) (see review by Malmberg et al. 1998) . Adc genes have been reported for bacteria (e.g., Moore and Boyle 1990) , plants (e.g., Bell and Malmberg 1990) , and animals (e.g., Morrissey et al. 1995) . While apparently ubiquitous in plants, Adc may not be present in all organisms, and its distribution in other eukaryotic groups is not yet clear. There have been reports of ADC activity in mammalian mitochondria (Li et al. 1994; Morrissey et al. 1995) , and some reports of ADC activity in various fungi (Khan and Minocha 1989) and protists (Kierszenbaum et al. 1987; Hunter, Strobos, and Fairlamb 1992) . The genome projects have permitted a method of database searching for Adc sequences. For example, we have found no identifiable Adc sequence in the eubacterium Haemophilus influenzae or the ascomycete fungus Saccharomyces cerevisiae. For these organisms, the alternative ornithine decarboxylase pathway is believed to be the sole producer of putrescine.
The ADC enzyme is believed to be a homotrimer or homotetramer with a monomer mass of approximately 66-72 kDa (Smith 1979; Malmberg et al. 1992 Chang et al. 1996] , Japanese morning glory [Ipomoea nil; Park, Park, and Lee, unpublished (AF026809) ], tobacco [Nicotiana tabacum; Imanishi, unpublished (AB00588)], and two Adc loci in Arabidopsis thaliana [Watson and Malmberg 1996; Watson et al. 1997] ) and two monocots (oat [Avena sativa; Bell and Malmberg 1990] and rice [Oryza sativa; Sasaki and Minobe, unpublished (D15966)]). In taxa from the Brassicaceae containing two Adc loci, we refer to the two copies as Adc1 (the originally published Adc sequence from A. thaliana or its ortholog) and Adc2 (the more recently identified locus or its ortholog; called ADC-N by the authors).
The plastid gene rbcL has been highly informative in studies of relationships among plant families (Chase et al. 1993) , and it can sometimes provide substantial resolution of relationships of genera or even species within families (e.g., Price and Palmer 1993) . However, at these lower taxonomic levels, rbcL often provides too few characters for robust resolution of relationships . More rapidly evolving chloroplast genes, such as ndhF (e.g., Olmstead and Sweere 1994; Clark, Zhang and Wendel 1995; Kim and Jansen 1995) and matK (e.g., Johnson and Soltis 1995; Liang and Hilu 1996) , and the noncoding trnL-trnF spacer region (e.g., van Ham et al. 1994; Gielly et al. 1996) have been widely used for phylogenetic comparisons within families of angiosperms. However, these chloroplast sequences can be difficult to use at higher taxonomic levels, often due to difficulties with alignment. Presently, the most widely used nuclear regions in phylogenetic analyses at the within-family level are the ITS regions between the nuclear ribosomal RNA genes (see review in Baldwin et al. 1995) . Although the ITS region has been very valuable for among-and withingenera comparisons, its sequence divergence is usually too rapid for higher level comparisons, and it can also be subject to problems of unrecognized multiple loci within or among families. Few nuclear protein-encoding genes have been used to date in systematic studies, because most plant genes occur in multigene families and possess introns, both of which add to the complexity, time, and expense involved with their use as molecular markers in phylogenetic studies. For example, the phytochrome gene family is beginning to be used in angiosperm systematics studies (see Matthews, Lavin, and Sharrock 1995; Mathews 1997) ; however, the existence of three to five or more gene subfamilies among angiosperm taxa and the presence of introns adds complexity to phylogenetic camparisons. The economically important mustard or crucifer family (Brassicaceae or Cruciferae), which includes the model plant A. thaliana and the cultivated Brassica crop plants, is widely distributed in temperate and montane areas of the world, with approximately 340 genera and 3,350 species (Al-Shehbaz 1984) . Based on rbcL sequence and morphological trait comparisons, the Brassicaceae forms a strongly supported monophyletic group nested within a clade of families containing mustard oil glucosides (glucosinolates), the expanded order Capparales (Rodman et al. 1993 (Rodman et al. , 1997 Price, Al-Shehbaz, and Palmer 1994) . Traditionally, tribes in Brassicaceae have been delimited using a small number of morphological characters, particularly fruit shape and cotyledon orientation in the seed (reviewed in Al-Shehbaz 1984). Sequence and restriction site comparisons from the chloroplast genome suggest, however, that many of the currently recognized tribes are highly artificial (Price, AlShehbaz, and Palmer 1994; unpublished data) .
In this study, we use sequence comparisons of the Adc nuclear gene family to provide an independent assessment of the phylogenetic relationships among several major groups in the Brassicaceae to help confirm new groupings suggested by chloroplast DNA data. In addition, this study provides an example of the phylogenetic utility of the low-copy nuclear gene encoding arginine decarboxylase.
Materials and Methods

DNA Extraction and PCR Amplification
Representative taxa (table 1) of the mustard family and selected outgroups were chosen based on previous morphological and molecular systematic studies (Price, Al-Shehbaz, and Palmer 1994; Rodman et al. 1997 ). Total genomic DNA was extracted from fresh leaves by a modified hot CTAB procedure (Doyle and Doyle 1987) or the Guillemaut and Marechal-Drouard (1992) acid SDS method. Some templates were further purified by phenol/chloroform extraction and ethanol precipitation or on a cesium chloride gradient (Richards 1994) .
Polymerase chain reaction (PCR) conditions were optimized for each template-degenerate primer combination using a Robocycler Gradient 96 (Stratagene). Primers were designed for two internal regions of the Adc gene, with conserved amino acid sequences based on comparisons between both copies of Adc from A. thaliana as well as Adc sequences from soybean, pea, tomato, and oat. The areas were selected for their relatively low required degeneracy, and primer lengths were optimized to achieve approximately equal estimates for annealing temperature. The forward primer, ADC-418F, was a 41-mer with a degeneracy of 16,384 and a KpnI site (indicated by a ''/'') with a native sequence clamp. The reverse primer, ADC-1651RC, was a 44-mer with a degeneracy of 8,192 and a SacII site (indicated by a ''/'') with a native clamp. The oligonucleotide sequences are: ADC-418F (5Ј-GAGTCTCGGTAC/CARGGNGTN-TWYCCNGTNAARKKSAAYCA-3Ј) and ADC-1651RC (5Ј-GACTCTCCGC/GGATGAACTTRTYNAYYTTN-CCRTCNCTRTCRCA-3Ј).
PCR runs were 5 min at 95ЊC and 30 cycles of 1 min at 95ЊC, 1 min at 54-66ЊC gradient (a feature available on the Stratagene Robocycler 96), and 2 min at 72ЊC; followed by a 15-min extension at 72ЊC and holding at 6ЊC. The reaction mixture was optimized using a mixture of Taq and Pfu polymerases (Barnes 1994) at 2.0 or 2.5 mM MgCl 2 and 0.2 mM of each dNTP (Promega). Twenty-microliter reactions were run using 1-2 l (approximately 100 ng) of genomic DNA. The reactions made use of a PCR dye (creasol red; 0.2 mM with 12% sucrose final concentration; Hoppe, ContiTronconi, and Horton 1992) to speed loading of samples onto gels. The resulting single PCR band of approximately 1,240 bp was checked by a short run on a 1.0% agarose gel and visualized by staining with ethidium bromide under ultraviolet light.
Identification and Sequencing of Orthologous Loci
PCR products were cloned into the TA kit pCR II cloning vector (Invitrogen) or cleaned using a BioGel P-6 DG desalting column (BioRad) and cloned into pUC18 using the SacI and KpnI sites included in the degenerate primers. Identification of XL-1 Blue colonies containing either Adc1 or Adc2 was done prior to sequencing using a DNA hybridization protocol. The two paralogous sets of mustard Adc sequences have diverged from each other while maintaining relative conservation among orthologous sequences such that orthologous copies can be easily identified by DNA hybridization using locus-specific probes to the exclusion of the paralogous locus for all taxa surveyed. Turbo lifts (Forster, Buluwela, and Rabbits 1990) were analyzed using Southern hybridization (Bernatzky and Tanksley 1986) with 32 P-labeled probes of Adc1 or Adc2 from A. thaliana. The colony lifts were washed at moderate stringency (0.5 ϫ SSC, 0.1% SDS at 37ЊC) and visualized by phosphor imaging (Molecular Dynamics Storm).
At least two independent clones with confirmed inserts of appropriate sizes were sequenced from Wizard 373 (Promega) or modified Telt (Brent 1990 ) minipreps using universal (M13, M13 reverse, and/or T7) primers plus a custom sequencing primer, ADC-872. This internal sequencing primer is a 21-mer oligonucleotide with the sequence: ADC-872 5Ј-ATGAGAGCGACGGAGAC-CAAC-3Ј.
Sequencing was performed at the University of Georgia Molecular Genetic Instrumentation Facility using an Applied Biosystems automated sequencer (model 373A, version 1. Higgins, and Gibson 1994), and each alignment was then checked manually based on the deduced amino acid alignments.
Analysis
A matrix of 28 aligned nucleotide sequences was generated with 1,229 characters each. Cacao (Theobroma cacao [Sterculiaceae] ) was selected as the outgroup taxon based on the broader level phylogenetic analyses of Rodman et al. (1993 Rodman et al. ( , 1997 . Phylogenetic relationships were inferred using a maximum parsimony strategy implemented using the branch-and-bound option in PAUP (version 3.1.1; Swofford 1993). Relative measures of internal support were obtained using 100 bootstrap replications (Felsenstein 1985; Sanderson 1989) . Equal weighting of all base substitutions and codon positions was used. Nucleotide sequence data were also analyzed by maximum likelihood using fastDNAml (version 1.1.1a; Olsen et al. 1994) with no outgroup rooting and using a transition : transversion ratio of 1.34: 1.00, as estimated from the data using Puzzle (version 4.0; Strimmer and von Haeseler 1997) . Rates of nonsynonymous (K A ) and synonymous (K S ) nucleotide substitution were calculated using the Genetics Computer Group (GCG) (1995) program newdiverge (Wisconsin package version 8.1), based on the revised method of Li (1993) . Analysis of deduced amino acid sequences was performed based on maximum likelihood via PROTML (MOLPHY, version 2.2; Kishino, Miyata, and Hasegawa 1990) and based on maximum parsimony via the PROT-PARS program of the PHYLIP package (version 3.5c; Felsenstein 1994) .
For comparison with the phylogenies generated with arginine decarboxylase sequence data, we also sequenced a 780-bp region of the chloroplast-encoded gene ndhF using the same set of taxa and DNA samples with the exception of Brassica nigra (table 1) . This region of sequence was chosen because it provides significant resolution among genera within families of flowering plants (see, e.g., Olmstead and Sweere 1994; Clark, Zhang, and Wendel 1995; Kim and Jansen 1995) and is easily amplified using the forward primer ndhF 1318 and the reverse primer ndhF 2110R of Olmstead and Sweere (1994) . The gene region was sequenced using the automated sequencing facility at the University of Georgia, with the same PCR primers used for direct sequencing. This region of sequence shows no insertiondeletion events in the group of Brassicaceae included in this study, and was easily aligned manually by comparison with the A. thaliana sequence. Parsimony analysis was conducted using the branch-and-bound algorithm of PAUP.
Results and Discussion
Partial Adc nucleotide sequences of approximately 1,220 bases each were obtained for 15 taxa representing 11 genera of Brassicaceae, and 3 outgroup taxa. Two copies (Adc1 and Adc2) were obtained for all taxa of Brassicaceae except Aethionema grandiflora, and only one copy was detected in the three outgroup taxa. There is a clear separation of the paralogous Adc loci based on DNA hybridization with bacteria colony lifts and locus-specific probes using moderate stringency. Diagnostic differences between the two loci, including informative indels, were confirmed by sequence comparisons.
The K A of Adc is approximately equal to that of ndhF for the mustard family based on the average values of comparisons between partial sequences from A. thaliana, Nasturtium officinale, and Brassica oleracea with those from Polanisia dedecandra (table 2). The K S for Adc is approximately five times as great as that of ndhF. This rate difference could be expected based on comparisons between other nuclear and chloroplast genes (Wolfe, Sharp, and Li 1989) . When the number of informative and variable sites is standardized per 100 bases for both Adc loci and ndhF between all Brassicaceae taxa surveyed and Polanisia, Adc1 averaged 28.6 informative sites from 34.2 variable sites, Adc2 averaged 23.0 informative sites from 34.4 variable sites, and ndhF averaged 7.7 informative sites from 22.3 variable sites. A single minimum-length PAUP maximum parsimony tree was found containing 1,285 steps ( fig. 1) , with a consistency index of 0.622 and a retention index of 0.876. Most branches had very high bootstrap values (99 or 100 out of 100 replicates) ( fig. 2) , indicating the robust ability of the Adc nucleotide sequence variation to resolve relationships among these representative taxa. The branching patterns among taxa of Brassicaceae are exactly the same for the two paralogous Adc loci, with similar branch lengths and bootstrap values.
There is strong support for A. grandiflora as a basal member of the mustard family. This genus and its relatives had not been considered basal based on traditional morphological characteristics; however, rbcL data (Price, Al-Shehbaz, and Palmer 1994) strongly suggested that it was basal, and this hypothesis is confirmed by the Adc gene tree. The Aethionema Adc sequence is most closely related to the identified outgroups and appears to contain only one Adc locus, not both an Adc1 and an Adc2 locus, based on sequence analysis of five independently isolated clones identified using the Adc1 or Adc2 probes. There were six variable nucleotide positions observed among the five Aethionema Adc clones, representing putative allelic variation within this polyploid species. The majority of Adc sequences from the independent clones of the other mustard taxa showed no or only one nucleotide variation within a species, with a maximum of three variable nucleotide positions. Aethionema and its relatives appear to have been established at a basal position in the family prior to the Adc gene duplication event early in the history of the mustard family. This Adc gene duplication has been retained in all members surveyed, including A. thaliana with its highly reduced genome.
In addition to the basal position of A. grandiflora in the mustard family, three major clades were seen among the remaining representatives of the Brassicaceae, each supported by at least 20 shared informative characters and 100% bootstrap values on the Adc gene tree. fig. 3 ) with the somewhat lower amounts of character support, reflecting both a higher synonymous substitution rate for Adc and the fact that only 780 bp were compared for ndhF versus approximately 1,220 bp for Adc. At the family level, the exact same relationships are seen in the Adc tree between the Brassicaceae and the mustard oil families Capparaceae and Caricaceae as in the rbcL sequence comparisons of Rodman et al. (1993 Rodman et al. ( , 1997 . The relatively large number of informative base substitutions seen among these families suggests that the Adc gene should be widely applicable to phylogenetic comparisons among related families.
The same major groupings were seen in three additional Adc gene trees generated by alternative meth-ods, but with lessened resolution. The unrooted Adc nucleotide sequence gene tree produced by maximum likelihood (fastDNAml) with a 1.34:1.00 transition-to-transversion weighting ratio is given in figure 4 . Trees produced by maximum likelihood and maximum parsimony from the deduced amino acid sequences (not shown) were consistent with those produced by nucleotide sequence analyses, but with fewer informative sites and less resolution within the groupings discussed. However, since Adc can be aligned across a wide range of organisms, including even Escherichia coli and plants, it may be possible to use Adc amino acid sequences (or the first two nucleotides of each codon) at higher taxonomic levels. Research is underway using Adc amino acid sequences to compare relationships among major families of angiosperms, emphasizing magnoliids.
Conclusions
Adc is a single or low-copy nuclear gene that appears to lack introns. The ADC protein product is relatively conservative at the amino acid level; its rate of protein evolution is similar to that observed for the ndhF product. However, the Adc gene has more variation than does ndhF at the nucleotide level, all of which makes Adc well suited for molecular systematic investigations. Phylogenetic hypotheses generated from Adc sequence data for a group of 11 genera of Brassicaceae and 3 outgroup taxa are highly consistent with independent phylogenies based on chloroplast DNA data. The data presented here suggest that Adc sequence data will be highly useful in phylogenetic comparisons both among and within flowering plant families.
